Synthesis-dependent strand annealing (SDSA) and single-strand annealing (SSA) are the two main homologous recombination (HR) pathways in double-strand break (DSB) repair. The involvement of rice RAD51 paralogs in HR is well known in meiosis, although the molecular mechanism in somatic HR remains obscure. Loss-of-function mutants of rad51 paralogs show increased sensitivity to the DSB-inducer bleomycin, which results in greatly compromised somatic recombination efficiencies (xrcc3 in SDSA, rad51b and xrcc2 in SSA, rad51c and rad51d in both). Using immunostaining, we found that mutations in RAD51 paralogs (XRCC3, RAD51C, or RAD51D) lead to tremendous impairment in RAD51 focus formation at DSBs. Intriguingly, the RAD51C mutation has a strong effect on the protein loading of its partners (XRCC3 and RAD51B) at DSBs, which is similar to the phenomenon observed in the case of blocking PI3K-like kinases in wild-type plant. We conclude that the rice CDX3 complex acts in SDSA recombination while the BCDX2 complex acts in SSA recombination in somatic DSB repair. Importantly, RAD51C serves as a fulcrum for the local recruitment of its partners (XRCC3 for SDSA and RAD51B for SSA) and is positively modulated by PI3K-like kinases to facilitate both the SDSA and SSA pathways in RAD51 paralog-dependent somatic HR.
INTRODUCTION
DNA double-strand breaks (DSBs) are deleterious genetic lesions that can lead to mutations, rearrangements or loss of chromosomes. DSBs can be generated by many factors, such as ionizing radiation (IR) and mutagenic chemicals. Also, DSBs can arise endogenously from oxidative damage and replication fork collapse (Whitaker, 1992; Cox et al., 2000) . The repair of DSBs in chromosomal DNA is key to the maintenance of genomic integrity in all living organisms. DSBs are mainly repaired by non-homologous end joining (NHEJ) and homologous recombination (HR) (Ciccia and Elledge, 2010; Lieber, 2010; Moynahan and Jasin, 2010; Puchta, 2005; SanFilippo et al., 2008; Sasaki et al., 2010) . NHEJ is an efficient but error prone process (Lieber, 2010) . In contrast, HR is considered to be a precise repair mechanism, but it requires DNA sequence homology (SanFilippo et al., 2008; Moynahan and Jasin, 2010; Sasaki et al., 2010) . Depending on whether or not strand invasion is catalyzed by RAD51 recombinase, homologydependent pathways can be divided into two different types: synthesis-dependent strand annealing (SDSA) is RAD51-dependent, while single-strand annealing (SSA) is RAD51-independent (Heyer et al., 2009) .
RAD51-dependent SDSA is a faithful DSB repair pathway. It is initiated by resecting the DSB ends in the 5 0 to 3 0 direction to generate single-stranded DNA (ssDNA), which are then coated with the replication protein A (RPA). Assisted by mediators, RAD51 replaces the RPA to form RAD51-ssDNA nucleoprotein filaments that facilitate homology search and strand invasion, after which the invading 3 0 ends are extended through DNA synthesis. Ultimately, the joint recombination intermediate is resolved, thus restoring chromosomal integrity (Heyer et al., 2009) .
RAD51-independent SSA promotes recombination between repetitive DNA sequences flanking a DSB. Starting with bidirectional 5 0 -3 0 resecting of the DSB ends, and then the exposed complementary sequences anneal. Subsequent excision of the non-homologous 3 0 -ended overhangs, followed by DNA synthesis and ligation restores the two continuous strands, leading to deletion of one of the repeat sequences and the interstitial DNA sequence lying between the repeats (Krogh and Symington, 2004; Heyer et al., 2009 ). SSA does not involve DNA-strand invasion and has been shown to be independent of RAD51 (Ivanov et al., 1996; Stark et al., 2004; Mansour et al., 2008; Roth et al., 2012) .
In addition to RAD51 and the meiosis-specific DMC1, five RAD51 paralogs have been identified in animals: RAD51B, RAD51C, RAD51D, XRCC2 and XRCC3 (Bleuyard et al., 2006; Suwaki et al., 2011; Karpenshif and Bernstein, 2012) . Protein interaction studies have shown that the RAD51 paralogs form two major complexes: RAD51B-RAD51C-RAD51D-XRCC2 (the BCDX2 complex) and RAD51-CXRCC3 (the CX3 complex), as well as two sub-complexes RAD51B-RAD51C (the BC complex) and RAD51D-XRCC2 (the DX2 complex) (Schild et al., 2000; Masson et al., 2001; Liu et al., 2002; Miller et al., 2002; Wiese et al., 2002) . Previous studies in Arabidopsis have shown that the single and combined mutants of rad51b, rad51d, and xrcc2 display normal vegetative and reproductive growth (Bleuyard et al., 2005; Osakabe et al., 2005; Durrant et al., 2007; Wang et al., 2014) , while the single mutants of rad51, xrcc3, and rad51c show sporophyte sterility (Bleuyard and White, 2004; Li et al., 2004; Abe et al., 2005; Bleuyard et al., 2005) . Interestingly in the rice (Mi and Kim, 2014) , the rad51d mutant displays the sterile phenotype, which indicates some difference in the RAD51 paralogs-dependent meiotic HR arose during evolution between rice and Arabidopsis. Comparatively, mutations of vertebrate RAD51 paralogs display more serious defects. As in mice, disruption of any RAD51 paralog genes leads to early embryonic lethality with accumulation of unrepaired DNA damage (Shu et al., 1999; Deans et al., 2000; Pittman and Schimenti, 2000) .
In response to DSB damage, the RAD51 paralog complexes act at both early and late stages of the SDSA repair process. Their early role is to promote the formation and stabilization of RAD51 nucleoprotein filaments (Shor et al., 2005; Mart ın et al., 2006; Mankouri et al., 2007; Bernstein et al., 2011; Liu et al., 2011; Sasanuma et al., 2013) . In the late stage, the complexes function to influence gene conversion tract length and act as Holliday junction resolvases (Liu et al., 2004 (Liu et al., , 2007 Yokoyama et al., 2004; Compton et al., 2010) . Additionally, RAD51 paralogs have been reported to also participate in the SSA pathway (Serra et al., 2013) . Evolutionarily, their actions in somatic HR (SDSA and SSA) show differences between humans and Arabidopsis thaliana. In Arabidopsis, RAD51C, XRCC3 and RAD51 are important for the SDSA pathway. However, the rad51 and xrcc3 mutants have no influence on the SSA pathway, while the rad51c mutant shows a reduction in recombination efficiency of approximately one-quarter (Roth et al., 2012) . In other reports, XRCC2, RAD51B, and RAD51D participate in the SSA pathway, and they are not required for the formation of radio-induced RAD51 foci Serra et al., 2013) . Whereas in human cells, all of the RAD51 paralogs act in the SDSA pathway: the BCDX2 complex acts upstream and the CX3 complex acts downstream of RAD51 recruitment at DSB foci (Chun et al., 2013) . However, little information is known about the job distribution of rice RAD51 paralogs in SDSA and SSA recombination repairs, and the recruitment pattern of RAD51 paralogs at DSB foci is poorly understood at present.
In this study, we suggest that the rice CDX3 complex acts in the SDSA pathway while the BCDX2 complex acts in the SSA pathway in somatic DSB repair. In response to c-irradiation, the loading patterns of XRCC3 and RAD51B at DSBs were greatly compromised in the rad51c mutant plant, similar to the phenomenon observed in the case of blocking PI3K-like kinases in wild-type. We highlight the predominant role of RAD51C in the recruitment of RAD51 paralog complexes and RAD51 proteins (RAD51A1 and RAD51A2) at DSB sites, taking a deeper understanding in the molecular mechanism of RAD51 paralog-dependent somatic HR. The functional differences in RAD51 paralogs that arose during evolution are also discussed.
RESULTS
Expression analysis of rice RAD51 paralogs after gammaray ionizing radiation DSB repair is mainly attributed to non-homologous end joining (NHEJ) and homologous recombination (HR), which play a competitive and complementary relationship (Nishizawa-Yokoi et al., 2012) . To further study DSB repair, we examined the expression profiles of RAD51 paralogs and some genes in the NHEJ pathway. qRT-PCR assays were performed at given times after the end of the irradiation period (c-irradiation 25 Gy) in calli derived from mature embryos of YD 8 (a japonica rice variety, Yandao 8). We measured the transcription level of RAD51A2 to confirm the sufficient DSB damage response post-IR. As shown in Figure S1 (a), the expression of RAD51A2 was induced about four-fold at 8 h post-IR, indicating that the calli initiate an effective DSB damage response. Expression of the RAD51B, RAD51C, RAD51D, and XRCC2 genes, was slightly upregulated post-IR, whereas XRCC3 expression showed a slight inhibition ( Figure S1c ). In addition, LIG4 expression was obviously upregulated by~3-fold at 0.5 h post-IR, while expression of both KU70 and KU80 did not respond to IR ( Figure S1b ). Together, as the basic repair factors, the expressions of RAD51 paralogs show weak upregulation in response to IR, except for XRCC3.
RAD51 paralogs play roles in DSB repair
In previous studies, mutation of the rice RAD51C gene caused hypersensitivity to the DNA damaging agents, methylmethane sulphonate (MMS) and the mitomycin C (MMC) (Kou et al., 2012) , and the xrcc3 mutant was more sensitive to MMC (Zhang et al., 2015) . To fully understand the DNA repair capacity of the RAD51 paralogs, we measured the sensitivity of sub-cultured seedlings of each mutant to DSB-inducer bleomycin (BLM). We examined the root lengths of each mutant and the wild-type after 5 days of growth on medium containing bleomycin at concentrations of 0 lg ml À1 , 5 lg ml À1 , 10 lg ml À1 and 15 lg ml À1 . As shown in Figure S1 (e, f) and Data S1, all of the five mutants showed greater sensitivity to bleomycin than did wild-type seedlings. In addition, the rad51a2 single mutant and the rad51a1 rad51a2 double mutant, were also more sensitive than the wild-type. It is worth noting that the rad51a1 rad51a2 double mutant showed the greatest sensitivity to bleomycin, while root length in the rad51a2 mutant was more suppressed than in the rad51a1 mutant. In particular, the NHEJ pathway mutant ku70 showed the highest sensitivity to bleomycin, compared with the rad51 paralog mutants. Surprisingly, following the treatment with 20 lg ml
À1
bleomycin for 24 h, we observed that the ku70 mutant showed abnormal root tip hairs, which was similar to the phenomenon induced by a high concentration (80 lg ml À1 )
of bleomycin in the wild-type ( Figure S1 g ). Collectively, these data indicate that all of the rice RAD51 paralogs are involved in DSB repair, and that the RAD51A2 is more effective than RAD51A1. As expected, the KU70 gene plays the largest role in DSB repair, which is consistent with the predominant effect of the NHEJ pathway on DSB repair in most higher eukaryotes.
Repair efficiency assay for somatic recombination
We constructed two recombination vectors (pSSA.I-SceI and pSDSA.I-SceI) to monitor the respective repair efficiency of SSA and SDSA, respectively ( Figure 1a ). These two vectors contain a DSB-inducer nuclease gene I-SceI under the control of the CaMV 35S promoter and the recombination substrate, for each specified pathway (SDSA or SSA). We also constructed two control vectors (pSSA.CON and pSDSA.CON), in which we removed the I-SceI gene in pSSA.I-SceI and the repairing template in pSDSA.I-SceI (Figure 1a ). The design is based on the competitive and complementary mechanisms of NHEJ and HR in the DSB repair (Figure 1b) . The T-DNA regions of the vectors were then separately introduced into rice calli of different lines, using an Agrobacterium-mediated method (Toki, 1997) . Transformed calli were selected on the medium with hygromycin for 20 days, and DNA extracted from calli of different lines was then used in PCR analysis to monitor the DNA repair efficiencies (Figure 1c) .
To evaluate whether the recombination vectors (pSSA.ISceI and pSDSA.I-SceI) could be used to monitor the SDSA and SSA pathways, rice calli derived from mature embryos of YD 8 were transformed with the recombination vectors and control vectors. We tested the repair performance of the recombination vectors, compared with each control vector, in two repeat experiments (#1 and #2). In the case of the recombination vectors, the DSBs induced by I-SceI nuclease were almost completely repaired by SSA while only a portion was repaired by SDSA. Comparatively, the SSA repairs were greatly compromised and the SDSA repairs were undetectable in the case of the control vectors ( Figure 1d ). These data clearly show that the performance of the recombination vectors actually reflect the two specified pathway of DSB-induced repair.
To test the involvement of RAD51 paralogs in SSA and SDSA, we applied our assay system. The T-DNA regions of the two recombination vectors were individually introduced into rice calli derived from the rad51 paralog mutants and the wild-types. The results of PCR analyses showed that the SDSA repairs were undetectable in the rad51c, rad51d, and xrcc3 mutants, and that the SSA repairs were greatly compromised in rad51b, rad51c, rad51d, and xrcc2 mutants, compared with each wild-type ( Figure 1e ). These observations demonstrated that XRCC3 is mainly responsible for the SDSA recombination repair while RAD51B and XRCC2 represent the main functionality of the SSA recombination repair. Importantly, RAD51C and RAD51D function in both recombination pathways of somatic DSB repair in rice.
Wortmannin blocks the phosphorylation of rice H2AX and specifically affects the protein loading of XRCC3 and RAD51B, but not of RAD51 and RAD51C, at DSBs Phosphorylation of histone H2AX is one of the earliest events in the response to c-irradiation, and is used as a sensitive molecular marker for monitoring DSBs (Kinner et al., 2008; Amiard et al., 2010) . Histone H2AX phosphorylation plays a key role in the recruitment of repair and chromatin remodeling factors at DSBs (Paull et al., 2000; Fillingham et al., 2006; Podhorecka et al., 2010) . In response to DSBs, phosphorylation is dependent on both ATR (a PI3 kinase) and ATM (Ataxia Telangiectasia Mutated, another PI3 kinase) in Arabidopsis and the ATM has a dominant role (Friesner et al., 2005) . Wortmannin, which is a fungal PI3K-like kinase inhibitor, blocks ATM kinase activity in animals and also inhibits plant ATM and/ or other upstream PI3K-like kinases involved in the DNA damage response (Burma et al., 2001; Breuer et al., 2007) .
In order to test the effect of wortmannin on c-H2AX focus formation, we performed immunofluorescence staining of c-H2AX in the YD 8 plants upon wortmannin treatment post-IR (Figure S2a, b and Data S3) . Strong signals were observed in the interphase nuclei of control plants (YD 8) , with an average of 46.7 AE 26.5 foci per nucleus and 53.7 AE 12.1% of the nuclei showing more than 50 foci. As expected, c-H2AX focus formation was strongly impaired following wortmannin treatment, with the quantitative values dropping to 4 AE 3.3 and 1.4% AE 1.1%, respectively. Interestingly, the YD 8 plants showed sensitivity to wortmannin. Root growth was significantly suppressed in 0.59 MS medium containing concentrations of wortmannin >2 lM ( Figure S2d and Data S2). These data indicate that wortmannin blocks ATM and/or other upstream PI3K-like kinases involved in the phosphorylation of rice H2AX in irradiated YD 8 plant, and that the blocked PI3K-like kinases are associated with the normal root elongation in rice.
To test the involvement of RAD51 paralogs in the phosphorylation of H2AX at DSBs induced by c-irradiation, we assayed the rad51 paralog mutants and the XRCC3 wildtype for c-H2AX focus signals following IR ( Figure 2a , b and Data S3). As expected, c-H2AX foci were not detectable in the interphase nuclei of unirradiated plants. After irradiation with 40 Gy, we found that the focus formation show no significant decrease in the rad51 paralog mutants, (e) DSB repair efficiency assays of rad51 paralogs mutants and each wild-type in SDSA and SSA. These experiments were performed twice with similar results. Hygromycin resistance gene (for SSA repair) and the U fragment (for SDSA repair) were used as internal controls for an equal amount of DNA. The lane labels (uppercase letters) are explained below the gel images. compared with the XRCC3 wild-type. These data indicate that rice RAD51 paralogs are not required for c-H2AX generation in response to DSB damage.
Based on the acknowledged role of c-H2AX in facilitating the recruitment of DSB repair and chromatin remodeling factors, we speculated that RAD51 paralogs may function downstream of DSB-responding PI3K-like kinases. To address this possibility, we investigated the negative impact of wortmannin treatment on the quantification of the loading signals of RAD51 and RAD51 paralogs in irradiated YD 8 plant. The results (Figures 3 and 6b and Data S3) showed that the immune signals from XRCC3 and RAD51B are dramatically reduced following wortmannin treatment with an average of 32.4% AE 11.6% and 23.4% AE 13.5% interphase nuclei >5 foci, respectively, compared with the untreated controls (76% AE 15.8% and 70.4% AE 19.8%). Whereas, we observed no differences in the levels of focus formations for RAD51C and RAD51. Additionally, qRT-PCR results indicate that the bleomycin-induced RAD51A2 gene expression is strongly inhibited by wortmannin in YD 8 roots ( Figure S2c ).
Together, these data indicate that DSB-responding PI3K-like kinases specifically affect the protein loading of XRCC3 and RAD51B but not RAD51 and RAD51C at DSB sites, and they have a positive modulation in RAD51A2 expression in response to bleomycin. RAD51C, RAD51D, and XRCC3 function in SDSA recombinational repair process RAD51 paralogs have been shown to function in HR. In human cells, the BCDX2 complex acts upstream but the CX3 complex acts downstream of RAD51 recruitment to damaged sites (Chun et al., 2013) . In Arabidopsis thaliana, however, the function of BCDX2 complex is limited to the SSA pathway, and the CX3 complex plays a role in the SDSA pathway but had almost no influence on SSA repair (Roth et al., 2012; Serra et al., 2013) . Rice (Oryza sativa) encodes two RAD51 proteins, RAD51A1 and RAD51A2, and RAD51A2 is the major recombinase. We were interested in elucidating the role that the RAD51 paralogs played upstream of RAD51 recruitment in the SDSA recombination process. We performed immunofluorescence staining of RAD51 in the rad51 paralog mutants post-IR (Figures 4a  and 6a and Data S3). Following irradiation with 40 Gy of c-irradiation, the RAD51 focus signals were observed strongly (46.8% AE 19.2% interphase nuclei with >5 foci) in XRCC3 wild-type plant. However, loss of function of the paralogs (XRCC3, RAD51C, or RAD51D) led to tremendous impairment in RAD51 focus formation (2.6 AE 1.8%, 1 AE 0.7% and 1.2 AE 0.8% interphase nuclei with >5 foci, respectively), which indicates an indispensable role for the RAD51 paralogs (XRCC3, RAD51C, and RAD51D) in the protein loading of RAD51 at DSB foci. Unlike with them, the RAD51 signals showed no impairment in the irradiated plants of rad51b and xrcc2 mutants (49.4 AE 17.8% and 50 AE 19.3% interphase nuclei with >5 foci, respectively). To better understand the role of the RAD51 paralogs in the early stage of SDSA recombination, we further examined the loading performance of RAD51 paralogs in the rad51a1 rad51a2 double mutant post-IR. The signals of the RAD51 paralogs (RAD51B, RAD51C and XRCC3) showed normal loading even in this case (Figures 4b and 6d and Data S3). Together, these data indicated that RAD51A1 and RAD51A2 have no effect on the protein loading of RAD51C and XRCC3, while the RAD51 paralogs (RAD51C, RAD51D, and XRCC3) facilitate the protein loading of RAD51A1 and RAD51A2 at an early stage of SDSA recombination in response to c-irradiation. Also, there is no indication that RAD51B acts in the SDSA recombination process in somatic cells. RAD51C takes precedence over its partners in the protein loading in response to IR Biochemically, RAD51 paralogs associate with one another in two primary complexes: RAD51B-RAD51C-RAD51D-XRCC2 (BCDX2) and RAD51C-XRCC3 (CX3) in vertebrates, and the activities of the BC and DX2 subcomplexes, have also been reported. However, the relationships of these paralogs and the loading sequence in response to DSB damage have not been defined in vivo. We used immunofluorescence staining to determine the interaction relationships among the RAD51 paralogs in response to irradiation-induced DSBs ( Figures 5 and 6c and Data S3). We found that protein loading of XRCC3 and RAD51B did not appear to differ between the rad51d mutant and its wild-type post-IR. However, they are greatly impaired in the rad51c mutant plant, with the percentage of interphase nuclei with >5 foci, reduced to 15.18% AE 8.5% for XRCC3 loading and 21.2% AE 9.5% for RAD51B loading, compared with the irradiated wild-type (75 AE 16.5% for XRCC3 and 70.4 AE 19.8% for RAD51B). In contrast, mutations of the partners (RAD51D, XRCC3, RAD51B, or XRCC2) did not cause a decrease of RAD51C focus signals post-IR (Figures S3c and 6e and Data S3). In addition, RAD51B focus formation also displayed normally in the irradiated mutant plants of the other two partners (xrcc3 and xrcc2), compared with the RAD51B wild-type ( Figure S3a, b) . These results indicated that RAD51C (but not RAD51D) takes precedence over its partners, at least for XRCC3 and RAD51B, in the response to DSB damage.
DMC1 specifically localizes to the nucleolus rather than forming focus signals in interphase nuclei following IR
It is well known that RAD51 and DMC1 are two Escherichia coli RecA homologs found in yeast, mice, and humans. Our previous study showed that the expression of DMC1 was highest in young panicles, but extremely low in leaves and roots (Wang et al., 2016) . To resolve this, we investigated whether DMC1 was capable of loading at DSBs in response to IR (Figure S3d, e) . Interestingly, regardless of whether or not the plants were subjected to IR treatment, the DMC1 signals specifically localized to the nucleolus rather than form focus signals. Similar results were observed in irradiated plants of the xrcc3, rad51c, and rad51d mutants. These data indicated that the amount of DMC1 protein is sufficient to be detected using the immunostaining assay, and that it cannot load at the irradiation-induced DSBs in rice mitotic nuclei.
DISCUSSION
The involvement of the RAD51 paralogs in different pathways of somatic HR repair (RAD51-dependent SDSA and RAD51-independent SSA) have been well characterized in human cells and Arabidopsis in recent years. As in Arabidopsis, the BCDX2 complex acts in the SSA pathway while the CX3 complex acts in the SDSA pathway (Roth et al., 2012; Da et al., 2013; Serra et al., 2013) . Whereas in human cells, all of the RAD51 paralogs function in the SDSA recombination process, which is inconsistent with the mechanisms in Arabidopsis: the BCDX2 complex acts upstream and the CX3 complex acts downstream of RAD51 recruitment at DSB damage foci (Chun et al., 2013) . In contrast, we show here that the rice RAD51 paralog complexes function in different somatic HR pathways: the BCDX2 complex acts in the SSA pathway while CDX3 complex acts in the SDSA pathway (Figure 7b, c) . Most importantly, our findings establish the predominant role of RAD51C in RAD51 paralogdependent somatic HR. RAD51C serves as a fulcrum in the local recruitment of its partners (XRCC3 and RAD51B) and also influences the protein loading of RAD51 proteins (RAD51A1 and RAD51A2), to facilitate both the SDSA and SSA recombination processes in somatic DSB repair (Figure 7a, c) .
On the meiotic phenotypes, in both rice and Arabidopsis, the RAD51 paralog mutants of xrcc3 and rad51c present sporophyte sterility, while the mutants of rad51b and xrcc2 display normal reproductive growth. Interestingly, the phenotype of rice rad51d mutant differs from that in Arabidopsis, and also results in defects in reproductive development. This finding indicates that the RAD51D function has evolved differently in the meiotic HR process in these two model plants. It is also interesting to compare their mechanisms in somatic HR repair. RAD51D -one component of the BCDX2 complex -has a strong effect on protein loading of RAD51 in rice, in addition to its function in SSA recombination repair (Figures 1e and 4a) . Additionally, a previous study showed that rice RAD51D can interact with both RAD51B and RAD51C in yeast two-hybrid assays (Mi and Kim, 2014) . Therefore, one hypothesis is that rice RAD51D participates in both SDSA and SSA recombinations mainly by forming the CDX3 and BCDX2 complexes. Our findings that the three RAD51 paralogs, RAD51C, XRCC3, and RAD51D, are required for SDSA recombination repair and RAD51 loading, suggest that they act at an early stage in SDSA recombination by facilitating the assembly or stability of the RAD51A1 and RAD51A2 nucleoprotein filaments. Additionally, the repair efficiency of RAD51B and XRCC2 is limited to the SSA pathway, and their roles are independent of RAD51 loading in the immunostaining assay (Figures 1e and 4a) . Thus, we propose that, unlike in human cells and Arabidopsis, the rice CDX3 complex acts in SDSA recombination while the BCDX2 complex functions in SSA recombination. In our current study, we clarified the functional roles of the RAD51 paralogs in somatic HR among Arabidopsis, rice, and human cells (Figure 7d ), which will provide a guidance for future research in understanding the functional divergence and evolution of RAD51 paralogs in other species.
We showed that wortmannin strongly inhibits the protein loading of XRCC3 and RAD51B at DSBs, but has no major impact on the protein loading of RAD51C and RAD51 in irradiated YD 8 plant (Figures 3 and 6b) . This phenomenon can be easily explained, because wortmannin is known to block PI3K-like kinases and, in this study, it inhibits the downstream pathways associated with regulating XRCC3 and RAD51B protein loading at DSB sites. This observation is reminiscent of the vital role that XRCC3 played in RAD51 loading (Figures 4a and 6a) . Interestingly here, for blocking PI3K-like kinases, the XRCC3-specific immunofluorescent signals were dramatically reduced by 43.6%, but without any influence upon the subsequent RAD51 loading (Figures 3 and 6b) . These contradictory results implied that the amount of XRCC3 at the early stage of SDSA is not completely suppressed by wortmannin treatment, and that the amount retained is still sufficient for the subsequent loading of RAD51. However, there is still some uncertainty about whether the CDX3 complex also acts at the late stage of SDSA recombination, even though XRCC3 and RAD51C showed normal loading in the rad51a1 rad51a2 double mutant at 20 min post-IR (Figures 4b and 6d) .
Similar to Arabidopsis, loss of function in rice RAD51C affected both somatic recombination efficiencies (SDSA and SSA) in our assay system. These observations supported the fact that RAD51C participates in the formation of both CDX3 and BCDX2 complexes. Importantly, based on the influential role in protein loading of its partners (RAD51B and XRCC3), we have established a predominant role for RAD51C, showing that it may serve as a fulcrum for protein loading of RAD51B and XRCC3 to complete the assembly of the CDX3 and BCDX2 complexes in response to irradiation-induced DSBs. It is also noteworthy that blocking the PI3K-like kinases, using wortmannin treatment, is also strongly inhibitory to the protein loading of RAD51B and XRCC3 in irradiated YD 8 plant. We propose that PI3K-like kinases facilitate the progression of RAD51 paralog-dependent somatic HR, based on the role of RAD51C as a fulcrum, mainly by regulating XRCC3 loading for SDSA and regulating RAD51B loading for SSA.
In summary, we have demonstrated the predominant role played by rice RAD51C in RAD51 paralog-dependent somatic HR. It will be extremely interesting in future studies to dissect the molecular mechanisms involved in the basic recruitment of RAD51C, and the subsequent loading of RAD51B and XRCC3 modulated by PI3K-like kinases, to complete the assembly process of RAD51 complexes in the somatic HR process.
EXPERIMENTAL PROCEDURES Plant materials
Knockout mutant rice lines with different genetic backgrounds were used in this study (Table S1 ). Gene structures and the primers for genotypic identifications are given in Figure S4 and Table S2 . The two mutant rice lines, rad51c and xrcc3, have been reported in our previous studies (Ding et al., 2014; Zhang et al., 2015) , and the mutant lines rad51d and ku70 have been reported in other studies (Nishizawa-Yokoi et al., 2012; Mi and Kim, 2014) . These mutants (ku70, rad51b, xrcc2, rad51d, rad51a1 and rad51a2) were purchased from Professor Sookan (Korea) with the line numbers shown in Table S1 (Jeon et al., 2010; Jeong et al., 2010) . Mutants of xrcc2, rad51b, rad51a1, and rad51a2 are reported for the first time, and expression analysis of these genes by real-time RT-PCR in the respective mutant and wild-type is shown in Figure S1(d) . The rad51a1 rad51a2 double mutant line was made by crossing the homozygous rad51a1 and rad51a2 single mutant lines, and the homozygous double mutants were identified by PCR in the F 2 population. All plant materials were grown in paddy fields under normal conditions used for rice cultivation.
Co-c ray irradiation
Sub-cultured seedlings were cultured in glass test tubes using 0.59 MS solid medium with 0.5 mg L À1 NAA for rooting, at 26°C with a 13 h light/11 h dark photoperiod. Seven-day-old cultured . RAD51C plays a role in facilitating the recruitment of its partners (XRCC3 and RAD51B) at double-strand break (DSB) foci. Nuclei isolated from root tips of the rad51c and rad51d mutants and RAD51C wild-type were stained for RAD51B and XRCC3. The enlarged single-nucleus images are selected from the multinuclei graph above. The samples were collected 20 min after exposure to 40 Gy of ionizing radiation (IR). Scale bar, 10 lm. [Color figure can be viewed at wileyonlinelibrary.com].
seedlings of the wild-types and mutant lines were given 60 Co c-ray radiation at a dose rate of 1 Gy/min at the Yangzhou City Academy of Agricultural Sciences, in Yangzhou City, China. Root tips were collected 20 min after exposure to 40 Gy of IR, and were used for immunofluorescence staining. Rice calli were induced on solid N6 medium with 2 mg L À1 2,4-D, collected at given times after exposure to 25 Gy of IR, and were used for gene expression assays.
Quantitative RT-PCR (qRT-PCR) assays
Total RNA was extracted from rice tissues using the RNAsimple Total RNA Kit (TIANGEN, cat. no. DP419) according to the manufacturer's instructions. The RNA samples contained no residual DNA, and were reversely transcribed using a 1st strand cDNA Synthesis Kit from TaKaRa BIO INC. (Otsu, Shiga, Japan) (Code: 6110A). Real-time PCR was performed in a total volume of 20 ll using 2 ll of cDNA as a template, with 0.6 ll each primer (10 lM) and 10 ll of 29 ChamQ SYBR qPCR Master Mix, and was performed using the Bio-Rad CFX96 real-time PCR instrument. Fluorescence was quantified against standards. cDNAs were amplified under the following conditions: a single cycle of 95°C for 5 min; followed by 41 cycles of 95°C for 10 sec, 52°C for 30 sec and 72°C for 30 sec. Melting temperatures were determined for every gene product. Ubq5 was used as an internal control for normalization of gene expression, and all experiments were replicated two times. The experimental results were analyzed using Bio-Rad CFX Manager analysis software. The qRT-PCR primer sequences are given in Table S2 .
Detection of abnormal root tip hairs
Root tips were cut approximately 10 mm from the roots, and stained with 5 lg/mL propidium iodide (PI) (dissolved in 19 PBS) for 20 min, and were detected using a fluorescence microscope (Olympus DP80).
Wortmannin treatment
For immunofluorescence staining, root-cut seedlings of rice YD 8 were cultured 3 days on 0.59 MS solid medium with 0.5 mg L À1 NAA for rooting, and then transferred onto 0.59 MS solid medium containing 10 lM wortmannin. After 24 h of treatment, the plant materials were subjected to 60 Co c-ray irradiation with 40 Gy. For expression analysis, YD 8 plants (2-week-old seedlings) were transferred onto various liquid mediums: 0.59 MS, 0.59 MS + 10 lM bleomycin, or 0.59 MS + 10 lM bleomycin + 10 lM wortmannin. Roots were collected for RNA extraction after 24 h of treatment.
Plant sensitivity measurement to bleomycin treatments
Wild-type and mutant rice sub-cultured seedlings were cultured in glass tubes using 0.59 MS solid medium with 0.5 mg L À1 NAA for rooting. We used 7-day-cultured seedlings that had been rooting, to perform bleomycin treatment. We measured the root length after 5 days of growth on 0.59 MS solid medium at concentrations of 0 lg ml À1 , 5 lg ml
À1
, 10 lg ml À1 or 15 lg ml À1 bleomycin.
Vector construction and somatic recombination assays
Two binary vectors pSSA.I-SceI and pSDSA.I-SceI were constructed from the pCAMBIA1300 vector, and correspond to the SDSA and SSA recombination pathways (Figure 1a ). Agrobacterium-mediated transformation of rice (rad51 paralog mutants and wild-types) was performed as described previously (Toki, 1997) . Rice scutellum-derived calli (pre-cultured for 3 weeks) were co-cultivated with A. tumefaciens strains carrying the vectors for 3 days, after which the calli were transferred to fresh callus induction medium containing 50 mg L À1 hygromycin B (Wako Pure Chemicals, http://www.wako-chem.co.jp/english/) and 35 mg L À1 carbenicillin (Wako) to remove Agrobacterium cells. Hygromycintolerant calli were selected over a period of 20 days, and were then used to extract DNA for PCR analysis. We used PCR analyses to monitor the DSB repair efficiency in rice cells, primer positions are indicated in the Figure 1(b) and the sequences are given in Table S2 . We used two-step PCR to monitor the repair efficiency of SDSA recombination: (1) the F1 and R1 primers were used to amplify the entire U fragment, which was purified by gel extraction; (2) the F2 and R2 primers were then used to amplify the fragment involved in the SDSA repair. The repaired and unrepaired fragments of SDSA repairing were 174 bp and 204 bp, respectively. We used one step PCR to monitor the repair efficiency of SSA recombination. The repaired and unrepaired fragments of SSA repairing were 1477 bp and 2129 bp, respectively. The hygromycin resistance gene (for SSA repair) and the U fragment (for SDSA repair) indicated in Figure 1 (b), were used as internal controls for an equal amount of DNA. The sequences of recombination substrates (SDSA and SSA) were modified from the b-glucuronidase (GUS) gene. Sequence information (recombination substrates, repairing template, and the I-SceI gene), are showed in Figure S5 . For PCR analyses, 2 ll diluted DNA (100 ng) was used as a template for PCR amplification with the gene-specific primers and internal primers mentioned previously. PCR assays for SSA were performed with Ex Taq polymerase (TaKaRa) under the following conditions: 30 cycles of 94°C for 30 sec, 51°C for 30 sec, and 72°C for 2 min, with a final 5 min extension at 72°C. PCR amplification conditions for SDSA were 32 cycles of 94°C for 30 sec, 57°C for 30 sec, and 72°C for 20 sec, with a final 2 min extension at 72°C. 
Antibody production
We used a peptide fragment from the antigens to produce each antibody. Peptide sequences of the antigens are listed in Table S3 . Vector construction, fusion peptide expression, and protein purification were performed as previously described (Wang et al., 2009) . The polyclonal antibodies against RAD51 and RAD51B, were obtained by immunizing a rabbit with the fusion peptides, and the monoclonal antibody against XRCC3 was obtained by immunizing a mouse. These antibodies were produced by Kaijing Biotechnology Co. Ltd in Shanghai, China. Additionally, the antibodies against RAD51C, DMC1, and c-H2AX were reported in previously (Wang et al., 2016) . Detailed information about all of the antibodies is given in Table S4 . Antibody specificity assays using immunodetection ( Figure S6a, b) showed that the antibodies directed against RAD51, RAD51B, RAD51C, and XRCC3 at DSBs, gave a true reflection of the loading pattern of each RAD51 paralog in somatic cells post-IR. It is noteworthy that the RAD51 antibody specially binds both RAD51A1 and RAD51A2 proteins. The enlarged image of RAD51 paralogs signals in YD 8 plants post-IR is shown in Figure 2 (c). Also, weak focus signals of antibodies RAD51B, RAD51C, and XRCC3 were displayed in unirradiated YD 8 plant, while no focus was detected for RAD51 ( Figure S6c, d ).
Immunofluorescence staining of root tip
We used sub-cultured seedlings of the mutants and wild-type siblings for 60 Co-c ray (40 Gy) irradiation treatment. Twenty minutes after the end of the irradiation treatment, root tips were collected and fixed in a 4% paraformaldehyde solution at 4°C for 30 min, then stored at À80°C in 10% PBS solution. Procedures for slide preparation and immunodetection were as described (Zhang et al., 2008) . The nuclei were counterstained with Vectorshield mounting medium containing DAPI (Vector Laboratory, catalog #H-1200), and the immuno-signals were captured as digital images using a fluorescence microscope (Olympus DP80). We chose the interphase nuclei for photographic and quantitative analysis.
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